Asymmetric cell division generates cell-type diversity in multicellular organisms by producing daughter cells with different fates. Differences in daughter cell fate can be determined by differential segregation of intrinsic cell-fate determinants, by extrinsic factors that initiate different signals in otherwise equivalent cells, or by a combination of both mechanisms ( Figure 1A ) (Horvitz and Herskowitz, 1992) . In animals, differentially distributed protein complexes-most notably the membrane-associated complex consisting of PAR proteins and the atypical protein kinase C (aPKC)-are essential for asymmetric cell division (Suzuki and Ohno, 2006, and references therein). For example, prior to the first asymmetric division in the zygote of the worm Caenorhabditis elegans, members of the PAR complex alter their uniform cellular distribution and relocalize to the plasma membrane at one end of the cell. This allows for the formation of a different protein complex at the other end of the cell. The resulting distinct and mutually exclusive membrane domains at either end of the cell act as polarity cues that, with the aid of cytoskeletal rearrangements, interact with the spindle poles to polarize the cell division apparatus and differentially segregate the contents of the cell. Although little is known about how asymmetric cell division in plants is regulated, recent discoveries provide a starting point for exploring the mechanisms underlying this process. These studies reveal parallels with asymmetric division in yeast and animals, but also point to regulated cell expansion as a new mechanism of asymmetric division in plants. (Lampard et al., 2008) , a basic helix-loop-helix (bHLH) transcription factor that regulates the initial cell division in stomatal development (MacAlister et al., 2007) . SPCH is one of three related bHLH factors that control sequential cell-fate specification steps in stomatal development. The other two factors, MUTE and FAMA, are required for GMC and guard cell fates, respectively. SPCH, MUTE, and FAMA act in concert with the positively acting bHLH factors ICE1 and SCREAM2, which are required for all three cell fates. Peripheral and nuclear localization of BASL (blue) correlates with asymmetric division, whereas exclusive peripheral BASL localization results in pavement cell formation. Exclusive nuclear localization of BASL leads to stomatal differentiation.
Figure 1. Asymmetric Cell Divisions in the Stomatal Cell Lineage
(A) Asymmetric cell division controlled by intrinsic factors occurs when a mother cell becomes polarized and divides into daughter cells that have different fates. Differences in cell fate arise from unequal distribution of fate determinants to the daughter cells through differential segregation of fate determinants to one of the daughter cells or through asymmetry of the division that produces daughter cells of different sizes. In asymmetric divisions driven by extrinsic factors, the mother cell divides into daughter cells with equal fate potential. Their fates diverge as a result of signaling interactions with neighboring cells. (B) Stomatal biogenesis in Arabidopsis begins with an asymmetric division of a meristem mother cell to generate a meristemoid and a larger stomatal lineage ground cell (SLGC). The meristemoid continues to renew through rounds of asymmetric divisions while generating additional SLGCs. The meristemoid eventually differentiates into a guard mother cell (GMC), which divides once to produce two equal daughters that differentiate into guard cells surrounding the stomatal pore (Nadeau, 2009) . Epidermal Patterning Factor 1 (EPF1), Erecta Receptor Kinase Like (ERL) proteins, and the leucine-rich repeat receptor-like protein Too Many Mouths (TMM) mediate an extrinsic signal that controls stomatal density and spacing. Downstream of these proteins is a mitogen activated protein kinase (MAPK) cascade consisting of YODA (MAPKKK), MKK4 (MAPKK), and MPK3/MPK6 (MAPK). A possible direct target of this MAPK cascade is Speechless (SPCH) (Lampard et al., 2008) , a basic helix-loop-helix (bHLH) transcription factor that regulates the initial cell division in stomatal development (MacAlister et al., 2007) . SPCH is one of three related bHLH factors that control sequential cell-fate specification steps in stomatal development. The other two factors, MUTE and FAMA, are required for GMC and guard cell fates, respectively. SPCH, MUTE, and FAMA act in concert with the positively acting bHLH factors ICE1 and SCREAM2, which are required for all three cell fates. Peripheral and nuclear localization of BASL (blue) correlates with asymmetric division, whereas exclusive peripheral BASL localization results in pavement cell formation. Exclusive nuclear localization of BASL leads to stomatal differentiation.
In plants, there are many different asymmetric cell divisions (Cartwright et al., 2009; Nadeau, 2009; Ten Hove and Heidstra, 2008) . However, dividing plant cells do not seem to have spindle poles that migrate in response to polarity cues. Plants also lack genes encoding typical PAR complex proteins. Moreover, genetic screens in plants have yet to identify candidate intrinsic factors or components of the general polarization machinery that have similar activity to those in animals. Are intrinsic cues for asymmetric cell divisions different in plants? Recent studies (Bayer et al., 2009; Breuninger et al., 2008; Cartwright et al., 2009; Dong et al., 2009 ) examining stomatal development and plant embryogenesis have uncovered new pieces in the puzzle of plant asymmetric cell division.
Polar Factors in Stomatal Development
In plants, structures called stomata reside in the epidermis of leaf and stem tissue and allow gas exchange. Biogenesis of the stomata involves sequential rounds of asymmetric cell division. This begins with the asymmetric division of a meristemoid mother cell to produce a meristemoid (which either generates stomata or continues to undergo asymmetric divisions) and a larger ground cell that gives rise to pavement cells in the absence of further divisions ( Figure 1B ). Stomatal development is controlled by a negatively acting signaling cascade and a set of positively acting transcription factors (Bergmann and Sack, 2007; Nadeau, 2009 ). The inhibitory protein cascade directs a mitogen-activated protein kinase (MAPK) signaling pathway containing the MAPK kinase kinase (MAPKKK) YODA, which controls the density and spacing of stomata. MAPK activity has recently been shown to control one of the positively acting transcription factors-a basic helix-loop-helix protein that promotes the first asymmetric division of the meristemoid mother cell (Lampard et al., 2008) . However, it had been unclear whether any intrinsic factors differentially segregate to daughter cells during asymmetric division. Dong et al. (2009) reporting in this issue of Cell and Cartwright et al. (2009) reporting in Science now describe the first two asymmetrically localized proteins involved in the control of asymmetric divisions in plants.
Dong and colleagues examined asymmetric cell division during stomatal development in the model plant Arabidopsis thaliana. They identify a protein called BASL (Breakage of Asymmetric Division in the Stomatal Lineage) that is asymmetrically localized, resulting in different cell fates for the daughters of an asymmetric cell division. BASL has some of the characteristics of a putative polarity determinant. Its localization at the cell periphery is polarized prior to cell division and it is unequally segregated to one of the daughter cells, reminiscent of the PAR/aPKC complex in animals. Loss-of-function mutations in BASL result in fewer asymmetric divisions, a larger proportion of meristemoid-like cells, and clustered stomata. In addition, cell-fate specification in stomatal development is distorted in basl loss-offunction mutants, as daughter cells express the same fate markers or incorrectly adopt the guard cell fate normally associated with the last round of symmetric divisions in stomatal development.
Visualization of green fluorescent protein (GFP)-tagged BASL in young developing epidermal cells shows that the BASL protein localizes to the nucleus and also forms a cortical crescent at the cell periphery in premitotic meristemoid mother cells poised to undergo asymmetric division (Figure 1B) . Immediately after this division, both daughter cells express BASL, but in the smaller meristemoid, BASL is only found in the nucleus. In contrast, the larger stomatal ground lineage cell harbors BASL in the nucleus and in a cortical crescent. From these observations and from ectopic BASL overexpression, it appears that peripheral localization of BASL is associated with the growth of that area of the cell (local expansion), whereas nuclear localization is associated with continued cell division. Analysis of genetic interactions with negatively acting regulation factors in stomatal development, such as the receptor-like protein Too Many Mouths (TMM) and the cell signaling peptide Epidermal Patterning Factor 1 (EPF1), suggests that BASL peripheral localization is not guided by extrinsic signals. Instead, BASL is an intrinsic factor that marks cell polarity and future cell fate. Thus, it is one of the first examples of an asymmetrically segregating factor in any plant system.
How does the discovery of BASL help in our understanding of the mechanisms underlying asymmetric cell division in plants? BASL does not appear to provide a polarity cue. Indeed, mutant alleles of BASL only reduce the overall asymmetry of individual divisions, rather than produce daughter cells with equivalent fates. This lack of a fully penetrant phenotype could be due to unknown proteins with functions that are redundant with BASL. However, the main phenotype of BASL overexpression is local expansion of cells at sites that overlap with the position of the BASL protein. This occurs without affecting the asymmetric division of the meristemoid mother cell. Furthermore, the authors find that the N-terminal domain of BASL that is required for nuclear localization is dispensable for asymmetric cell division. Instead, the primary function of BASL in asymmetric division is mediated through the peripheral localization of the protein, which is also associated with the local expansion of the cell. These data argue against the notion that BASL is an intrinsic polarity determinant. Nonetheless, as an asymmetrically segregating protein, BASL provides a strong link to the as yet unidentified asymmetric segregation machinery and will be an excellent tool to uncover true polarity determinants in plants.
The accessibility of the stomatal lineage to detailed analysis has recently yielded another insight into plant asymmetric cell division. Cartwright et al. identify in maize a receptor-like protein called PAN1 that promotes asymmetric division of subsidiary mother cells (epidermal cells that flank the precursor cells of the stomata). Subsidiary mother cells form cortical actin patches at the site of contact with the stomatal precursor cell. Formation of these actin patches is followed by migration of the nucleus to this peripheral site and asymmetric division (Cartwright et al., 2009 ). PAN1 colocalizes with these actin patches in the subsidiary mother cell and segregates only to the smaller daughter cell that will become the subsidiary cell. These characteristics are consistent with a possible function for the protein as a polarity determinant. However, although loss of function mutations in PAN1 result in some abnormal subsidiary cells, ?70% of the subsidiary cells show no defects and probably derive from normal asymmetric divisions (Cartwright et al., 2009) . Furthermore, even some of the abnormal subsidiary cells have a different fate from their sister cells, suggesting that they only have a partial defect. Therefore, it is more likely that PAN1 and related proteins with redundant activity are mediating an extrinsic cue coming from the guard mother cell to specify the proper localization of an unknown polarity determinant.
Asymmetric Division: From Stomata to Embryo Asymmetric cell divisions are not only restricted to stomatal biogenesis. They also play an important role in several plant developmental processes, including the first asymmetric division of the zygote. This division event produces a small apical cell and a larger basal cell. In Arabidopsis, most of the embryo is formed from the smaller apical cell. The larger basal cell develops into the extraembryonic suspensor structure through continued elongation and transverse divisions. MAPK signaling plays a conserved role in the regulation of asymmetric divisions in both stomatal development and the first division of the zygote. The asymmetry of the zygotic division is regulated by the YODA MAPK cascade. Loss-of-function mutations in the MAPKKK YODA result in loss of basal cell fate, whereas gain-of-function mutations cause defects in embryonic cell fates (Lukowitz et al., 2004) . Recent evidence from Bayer et al. (2009) suggests that the signal transduced by YODA may originate from the transient expression of Short Suspensor, an IRAK/Pelle-like kinase encoded by paternal RNA. Upon fertilization, the sperm delivers an RNA transcript encoding Short Suspensor that is translated in the zygote and leads to activation of the YODA pathway (Bayer et al., 2009 ). When ectopically expressed in leaf epidermal cells, Short Suspensor also modulates stomatal development in a YODA-dependent manner. It thus appears that extrinsic cues mediated by MAPK signaling are a general feature of the regulation of asymmetric divisions in plants, whereas other features (such as the downstream transcription factors that control fate determination) are celltype specific.
Because BASL is expressed in the plant vasculature as well as in the stomatal lineage, it may also function as a general regulatory factor. When expressed in cells other than stomatal lineage cells, BASL also exhibits polar localization and is able to induce expansion of the cells. Thus, the polarity machinery that positions BASL protein in the cell is a conserved feature in different cells types. This hints at an intrinsic capacity in all Arabidopsis cells expressing BASL (or BASL-like) proteins to undergo asymmetric divisions that are coupled to local expansion. Under these assumptions, the first zygotic division, which is asymmetric and is preceded by expansion of the zygote, might require the action of BASL or BASL-like proteins. Detailed analysis of both embryonic BASL expression and embryonic development in BASL mutants, as well as the identification of BASL-like proteins in Arabidopsis and other plant species, will shed light on the generality of the role of these proteins in modulating asymmetric division.
Other Pieces of the Puzzle
The asymmetric division of the zygote coincides with the establishment of apical and basal polarity in the plant embryo, a process that depends on the polar transport of the plant growth hormone auxin. This transport is mediated by the PIN proteins, which are auxin efflux carriers with a polar distribution in the cell . The establishment of apical-basal polarity sets the stage for at least one other well-defined asymmetric division during embryonic development. In this asymmetric division, the uppermost cell of the suspensor (the hypophysis) divides into a smaller lens-shaped cell that becomes the organizing center of the future embryonic root and a larger basal cell that gives rise to cells of the root cap (Ten Hove and Heidstra, 2008) . The asymmetric division of zygote and hypophysis are associated with the segregation of specific homeodomain transcription factors of the WOX family (Haecker et al., 2004) . Breuninger et al. (2008) have recently shown that WOX2 and WOX8, which are initially coexpressed in the zygote, act as cell fate regulators of the apical and basal cell lineages, indicating that these proteins may be intrinsic asymmetry factors. How these proteins are distributed between daughter cells is still unresolved, although there are indications that the messenger RNAs encoding them may be sequestered at the poles of the zygote (Haecker et al., 2004) .
A correlation between polar auxin transport, local cell expansion, and the initiation of asymmetric cell division has been documented for the initiation of lateral root formation. This process begins with migration of the nucleus toward the periphery in cells that then undergo one or two asymmetric divisions to form the root primordium. After initiation, cells in the primordium undergo highly ordered symmetric and asymmetric cell divisions to produce an emerging lateral root (Fukaki et al., 2007) . In the Arabidopsis root, lateral root primordia are formed from specific pericycle cells that divide asymmetrically to generate two adjacent small daughter cells. Interestingly, changes in cell shape can trigger the accumulation of auxin prior to this first asymmetric division (Laskowski et al., 2008) . These data suggest that, as in the case of hypophysis division in the embryo, auxin flux can be an extrinsic signal for the asymmetric division of the pericycle cells. However, it is possible that auxin is only required for the initiation of these divisions, and that a separate polarity cue determines their asymmetry. Indeed, determinants of polarity that direct peripheral migration of the nucleus have not been identified and it is unclear what other factors are required for the asymmetric division. Given that PAN1 mediates nucleus migration in the maize stomatal lineage, it will be interesting to determine whether related receptor-like kinases in Arabidopsis are involved in the first asymmetric division of a new lateral root primordium. Notably, De Smet and colleagues (2008) recently identified a class of receptor-like kinases-which includes the protein ARABIDOP-SIS Crinkley4 (ACR4)-that may be involved in restricting the number of asymmetric divisions during lateral root initiation. However, as ACR4 is expressed after the first cell division and only in the smaller daughter cell, it is unlikely to function as an intrinsic determinant of this asymmetric division.
Asymmetric divisions in the lateral root primordia depend on polar auxin transport (Benkova et al., 2003) , but it is unknown whether polar auxin flux directly affects the asymmetry of these divisions. Beyond merely triggering cell division, polarized auxin flux could alter the potential for local cell expansion by affecting proteins with cell wall "loosening" activities (for example, expansins). In this regard, it is interesting that a truncated version of BASL (BASL-IC) lacking the N terminus, when expressed from the BASL promoter, is localized to the central stele of the root, a zone of high polar auxin flux. BASL-IC in the central stele appears to have a polar localization to the basal end of the cells, reminiscent of the localization of PIN proteins that mediate polar auxin efflux. Whether this correlation has a potential role in generating asymmetry in cell division awaits further investigation.
Taken together, these examples of asymmetric cell division in plants have yielded several pieces of the puzzle of how asymmetric division is regulated. Will they fit together to form a unified picture? Or do different asymmetric division events in plants use different mechanisms? It is too early to draw conclusions, but the way ahead is clear-close comparison of the factors (and their homologs) involved in asymmetric divisions of the zygote, the hypophysis, the stomata, and the lateral root founder cells may reveal conservation of mechanisms. Furthermore, with the identification of BASL as a differentially segregating factor that controls asymmetric divisions, the stage is set for the identification of polarity determinants in plants. BASL may be used as bait in protein interaction screens for polarity determinants or might serve as a visual marker in genetic screens for genes that control polarity. An added advantage of such a genetic screen is that mutants could be selected for loss of peripheral but not nuclear BASL localization to identify genes involved in specifying asymmetry. Similar approaches are applicable to the PAN1 receptor.
Are Plants Intrinsically Different?
Given that genome-wide sequencing of several plant species have yet to uncover PAR protein homologs, plant evolution may have come up with different mechanisms to establish asymmetry. It is tempting to speculate that small GTPases in plants called Rho-of-plant (ROP) may mimic the role of the homologous Cdc42 protein in animals to bring polarity determinants to the cell membrane (Goldstein and Macara, 2007; Suzuki and Ohno, 2006) . This represents a potential connection between polarity determinants and peripheral BASL localization. ROPs play an important role in lobe formation in pavement cells of the leaf epidermis (Fu et al., 2005) . At least a subset of these cells derives from stomatal lineage cells in which BASL is localized to the periphery. Ectopic expression of BASL results in local expansion that correlates with peripheral BASL localization. Both dominant-negative and constitutively active forms of ROP2 impair this local cell expansion, indicating that BASL may act upstream or parallel to ROPs. More work is needed to establish the connection between BASL action and the activity of small GTPases. This may reveal deeper parallels between asymmetry-generating mechanisms in plants and those operating in yeast and animal systems.
Because each plant cell is surrounded by a rigid cell wall, an altogether different way of generating asymmetry may have evolved that is based on differences in local expansion potential. In such a plant-specific system, BASL and BASL-like proteins could function as scaffolds for signaling cascades that control cell expansion or cell wall-remodeling enzymes, thus promoting differential cell growth that results in asymmetries in cell size. It is interesting to speculate that rapid cell expansion may dilute signaling factors and thus disrupt membrane signaling processes. This may create a signaling bias that leads to different cell fates, as observed in animal systems where Notch signaling is biased by interaction with the differentially segregated protein Numb. The creation of signaling biases by component dilution via differential cell expansion, rather than by differential protein segregation, could represent a new mechanism for dictating asymmetry in cell division. It remains to be seen whether the role of BASL-like proteins in cell expansion is connected to differential auxin accumulation and efflux carrier activity, and whether this could resolve how cells establish and maintain polarization-the most enigmatic step in plant asymmetric cell division. These recent findings are a promising prelude to resolving this enigma, bringing us one step closer to the discovery of polarity determinants in plants.
